Immunoglobulin diversity gene usage predicts unfavorable outcome in a subset of chronic lymphocytic leukemia patients Introduction During B cell development, the mechanism of Ig gene rearrangement yields a vast repertoire of antigen receptor-binding specificities. This process involves 2 stages of rearrangement, with the first being the assembly of the variable (V), diversity (D), and joining (J) gene segments of the Ig heavy chain (IGH) and the V and J gene segments of the light chain in the developing B cell. The second rearrangement occurs when antigen triggers mature B cells to undergo class switch recombination. One mechanism of Ig sequence diversity results from the initial rearrangement of multiple V(D)J genes during B cell development. If each of these genes were randomly used, this mechanism alone would result in as many as 1.6 million potential unique combinations. Additional diversity occurs during B cell development when nucleotides are deleted or inserted (nontemplated nucleotides [N] and palindromic [P] nucleotides) in the V(D)J junctional regions, resulting in a unique B cell receptor (BCR) (1) (2) (3) (4) (5) . The BCR can then acquire further diversity if the heavy and light chain variable regions undergo somatic hypermutation following mature B cell stimulation with antigen. Collectively, these mechanisms allow for the generation of more than 1 × 10 9 unique B cell clones. Within the BCR, the complementarity-determining regions (CDRs) acquire the most somatic mutations. Each heavy and light chain has 3 CDRs. Of the 6 CDRs in each antigen recognition site of an antibody molecule, the heavy chain CDR3 (HCDR3) plays the major role in determining antigenic specificity (6, 7) . The amino acid sequence of HCDR3 is determined by the specific IGH diversity (IGHD) and IGH joining (IGHJ) gene usage, the IGHD gene reading frame (RF), the addition of N and P nucleotides, and the somatic mutations that may be introduced following antigenic stimulation.
Multiple genetic sequencing studies of the Ig gene and correlative clinical analyses have shown that the percent mutation of the clonal B cell Ig heavy chain variable (IGHV) sequence in patients with B cell chronic lymphocytic leukemia (B-CLL) is important in determining the prognosis of these patients. In particular, patients with 2% or greater mutation (mutated [M]) have a better prognosis than patients with less than 2% mutation (unmutated [UM]) (8) (9) (10) (11) (12) . Although IGHV mutation status is a significant prognostic factor for B-CLL patients, there is still considerable heterogeneity within the UM and M groups, and further investigation could identify factors of additional prognostic value that will help cull out clinical subgroups within this overall cohort. Recent evidence suggests that in some cases, specific IGHV gene usage also predicts disease outcome irrespective of mutation status. For example, patients expressing the IGHV3-21 gene have a poor prognosis regardless of mutation status (13) (14) (15) (16) . In contrast, patients expressing the IGHV3-72 gene have a favorable immunophenotypic profile (CD38- and ZAP-70-negative) and consistently exhibit a stable and indolent disease course (17, 18) .
More extensive analysis of the molecular structure of the BCR in leukemic B cells has also suggested that subgroups of B-CLL patients express strikingly similar BCRs with respect to IGHD and IGHJ genes and, thus, similar HCDR3s (14) (15) (16) (17) (19) (20) (21) (22) (23) (24) . For exam-ple, the IGHV1-69 gene appears to be the most frequently expressed IGHV gene in B-CLL, usually in an UM form, and has been reported to be preferentially used with the IGHD3-3 gene, IGHJ6 gene, and the IGHV1-69 51p1-like allele (25) (26) (27) . When the IGHV3-21 gene is used in chronic lymphocytic leukemia (CLL), the leukemic cell BCR tends to exhibit a highly homologous, relatively short HCDR3 and a restricted association with the lambda light chain Vλ2-14 (13, 14) . There is growing evidence that suggests CLL B cells exhibit a more restrictive BCR when compared with the normal B cell repertoire. For example, Messmer et al. (23) described distinct sets of antigen receptors in B-CLL based not only on common IGHV genes, but common Ig light chain genes and shared structural similarities in their respective CDR3s. Recent work by Stamatopoulos et al. (24) identified 48 different subsets of sequences with closely homologous or "stereotyped" HCDR3s, including 10 that had been previously described (14, 19, (21) (22) (23) (27) (28) (29) (30) . On the basis of these results, these investigators concluded that over 21% of all CLL patients analyzed can be assigned to one of these stereotyped HCDR3 groups. There is also evidence of BCR homology in those CLL patients who have undergone class switch to IgG. Ghiotto et al. (21) found that 5 cases of IgG B-CLL expressed IGHV4-39 with similar HCDR3s and identical light chain CDR3s. The preferential use of certain IGHD and IGHJ genes and subsequent homologous HCDR3s lends credence to the notion that antigen exposure may play a role in the development of B-CLL, at least in a subset of patients.
Collectively, these studies suggest that detailed analysis of the molecular features of the Ig gene will continue to yield important insights into the biologic origin and clinical course of B-CLL. Despite these advances, the clinical significance of specific BCR characteristics has been much less extensively studied. There is emerging evidence, however, that the HCDR3 may predict overall survival in B-CLL patients. Stamatopoulos et al. (24) demonstrated that HCDR3-defined subsets within B-CLL patients using the IGHV1-69, IGHV3-21, and IGHV4-34 genes differed in overall survival times, with patients exhibiting the stereotyped HCDR3s displaying shorter median survival times versus those that did not. Mauerer et al. (31) demonstrated a trend toward shorter time to initial treatment (TTT) in UM IGHV1-69 patients who used IGHD3-3 and IGHJ6 genes versus UM IGHV1-69 patients who did not. However, in those studies, the patient numbers in the various subsets were limited and included in some cases both UM and M B-CLL patients at various stages of disease.
Of relevance to the discussion above, 70%-80% of B-CLL patients are now diagnosed with Rai stage 0 or I disease, and 40%-50% of such patients are predicted to have a shorter overall survival based on having UM IGHV gene sequences (32) . Despite the clear importance of IGHV mutation status in patient stratification, there remains a wide variation in the clinical prognosis and survival of UM patients (32) . In particular, it is unknown how this variation in UM early-stage CLL may relate to the BCR and individual IGHD and IGHJ gene usage. In the current study, we restricted our analysis to a large cohort of UM B-CLL patients with low/intermediate Rai risk disease, defined as having a Rai stage of 0, I, or II at diagnosis. We evaluated the relationship between specific IGHD and IGHJ gene usage and clinically relevant factors in this cohort. Our cohort is unique in that these low/intermediate Rai risk patients have a relatively long follow-up, are extensively characterized, and have a detailed medical history. We present evidence that the prognosis of UM B-CLL patients can be further stratified based on specific IGHD gene usage independent of IGHV and IGHJ gene utilization.
Results

Cohort characterization and clinical features. The present study included
258 patients diagnosed with B-CLL between 1982 and 2006, who were classified as Rai stage 0, I, or II at diagnosis, and had one productive UM IGHV gene sequence (8, 9) . At the onset of the analyses performed in this study, we had consented 680 patients since the year 2000, and Ig mutation status had been determined for each of them. Of this group, all patients classified as UM and Rai 0, I, or II were included in this study (n = 232). The remainder were either classified as UM and Rai III or IV patients or as M patients (n = 448). The remaining 26 UM Rai 0, I, or II patients included in our study were consented prior to 2000, and Ig mutation analysis was performed on cryopreserved specimens. According to convention, early-stage patients were classified as low risk (Rai stage 0) or intermediate risk (Rai stages I and II) for all analyses. Molecular and clinical characteristics of the patients included in this study are summarized in Table 1 . With a median follow-up for treatment of 18 months (range, 1 day to 235 months), 190 of the 258 patients were subsequently treated. More than 34% of untreated patients had been followed for at least 2 years, and 17% had been followed for at least 5 years. Because of the high frequency of use of the IGHV1-69 gene in our cohort of UM CLL patients (29%), we used this as an additional molecular classifier. In this regard, the median follow-up for treatment status for the 75 patients additionally classified as IGHV1-69 was 21 months (range, 1 day to 148 months), and among these patients, 64 had been treated for their B-CLL. In addition to IGHV mutation status, other biologic prognostic variables have been identified in B-CLL (8, 12, (32) (33) (34) (35) (36) . Of these, CD38 was the first to be associated with IGHV mutation status, with patients with CD38-positive leukemic cells having a poorer prognosis (8) . Of the 237 patients with available CD38 data, 40% of UM patients were CD38 positive using the 30% cutpoint ( Table  2 ). Zeta chain-associated protein kinase 70 kDa (ZAP-70), like CD38, has also been associated with poor prognosis (36) . ZAP-70 information was available on 142 patients, of whom 63% were classified as ZAP-70 positive (defined as ≥20% of CLL B cells ZAP-70; Table 2 ). Interphase FISH abnormality information was available on 181 patients, 29% of whom had 11q- or 17p- abnormalities ( Table 2) . Collectively, these risk parameters are consistent with the expected pattern of high-risk prognostic features of the UM patients (37) . IGHV gene characteristics in UM patients. Within the UM cohort, 41% of patient leukemic B cells used a member of the IGHV1 family. This high frequency is attributed to the skewed usage of the IGHV1-69 gene, which accounted for 29% of all UM patients and 71% of UM patients using IGHV1 genes (Supplemental Table 1 ; supplemental material available online with this article; doi:10.1172/ JCI32625DS1). The remaining UM patients predominately expressed IGHV3 (33%) and IGHV4 (17%) fam-ily members. The 5 most frequent IGHV genes in the cohort were IGHV1-69, IGHV3-21, IGHV3-30, IGHV4-34, and IGHV1-02. Previous studies of cohorts including both M and UM patients have found similar overall patterns (9, 20, 26) . In specifically focusing on IGHD and IGHJ gene characteristics of the cohort, we were able to determine both the IGHD and IGHJ gene usage in 251 of 258 patients (97%), with IGHJ6 (46%) and IGHD3 (57%) genes utilized most frequently (Table 1) . Importantly, although there are 27 mapped genes in the IGHD gene family, 29% of the patients used the IGHD3-3 gene ( Table 1 ). The next most frequently utilized IGHD genes, accounting for almost 39% of the patients, were IGHD2-2, IGHD3-22, IGHD6-19, and IGHD3-10 (Supplemental Table 1 ).
The combination of IGHJ6 and IGHD3-3 is of particular interest, because this combination has been associated with the IGHV1-69 gene, and this overall bias may reflect evidence of specific antigen involvement in B-CLL (9, (25) (26) (27) 31) . In addition, there is accumulating evidence of conserved CDR3 sequences in CLL B cells that are independent of specific IGHV gene usage (23, 24, 29) . Given the number of patients in our cohort that used the IGHJ6 and IGHD3-3 genes independently (46% and 29%, respectively) or in combination (17%), we first looked for potential correlations of IGHJ6 and IGHD3-3 use individually with the other biologic prognostic variables discussed above. In looking at patients with IGHJ6 usage versus all other patients using other IGHJ genes, IGHJ6 usage was not significantly associated with CD38-positive status, ZAP-70positive status, or adverse FISH prognosis group (data not shown). Similarly, we looked at patients with IGHD3-3 usage versus all other patients not utilizing the IGHD3-3 gene. Again, none of these established biologic markers were significantly associated with IGHD3-3 usage. In evaluating the relationship between IGHD and IGHJ gene characteristics and Rai risk category at the time of diagnosis (low versus intermediate), there was no statistically significant relationship between Rai risk and IGHD gene usage (P = 0.13) or Rai risk and IGHJ gene usage (P = 0.94).
We next focused on the IGHV1-69 gene because of its high frequency of use within the UM CLL patients. In total, 75 of the 258 UM patients in our cohort used IGHV1-69. Consistent with prior reports, a majority of the UM IGHV1-69 patients used IGHJ6 (59%), and 73% used a member of the IGHD3 family, with specific use of the IGHD3-3 gene observed in 43% of the patients. When comparing the UM IGHV1-69 patients to non-IGHV1-69 patients, we observed significant differences based on IGHD3-3 usage (P = 0.0009; 32 of 74 IGHD3-3 in the UM IGHV1-69 patients versus 40 of 178 in UM non-IGHV1-69 patients) and IGHJ6 usage (P = 0.006; 44 of 74 IGHJ6 in UM IGHV1-69 patients versus 72 of 179 in UM non-IGHV1-69 patients). When UM IGHV1-69 patients were categorized into 4 cohorts - as (a) IGHD3-3/IGHJ6; (b) IGHD3-3/non-
IGHJ6; (c) non-IGHD3-3/IGHJ6; or (d) non-IGHD3-3/non-IGHJ6
- there was a significant association for usage of the IGHJ6 and IGHD3-3 genes when looking at the UM IGHV1-69 group and all other UM samples (P = 0.0001; see Supplemental Table 2 ). No significant differences were observed between IGHV1-69 and non-IGHV1-69 usage in terms of clinical factors and biologic risk factors, as listed in Tables 1 and 2 .
Time to treatment and established risk factors. In evaluating TTT in this cohort of patients, we first noted that, as expected, there was a strong relationship between Rai risk category (low versus intermediate) at time of diagnosis and TTT on univariate analysis (P = 0.0001; see Supplemental Figure 1 ). Thus, the intermediate Rai risk patients displayed significantly shorter TTT than did low Rai risk patients. Through univariate analyses, we then explored the relationship between other established risk factors and TTT. CD38-positive status and poor FISH prognosis group (11q- or 17p-) were not significant factors in univariate analyses for TTT in these low/intermediate Rai risk UM CLL patients (P = 0.90 and P = 0.15, respectively; Table 3 ). This may suggest that the prognostic value of these markers is limited in patients with solely UM IGHV status. The 2% threshold used to define the UM patients included in these analyses is standard but other thresholds have been explored (12, 34) . With this in mind, we next evaluated the relationship between continuous measure of percent mutation (ranging from 0% to 2%) and TTT. Most patients (62%) exhibited 0% mutation, whereas 25% exhibited 0.1-1% mutation, and 13% exhibited greater than 1% but less than 2% mutation. Overall, the continuous measures of percent mutation in the UM patients was not significantly associated with TTT (P = 0.25). ZAP-70-positive status was the only established CLL risk factor that was significant factor in the univariate setting for TTT, although information on ZAP-70 status was only available on 142 of all 258 patients (P = 0.02; Table 3 ).
Univariate TTT analyses with specific IGHV, IGHD, or IGHJ gene usage. We next evaluated the impact of specific IGHV, IGHD, or IGHJ gene usage patterns on TTT in these UM CLL patients. Patients using IGHV1-69 are generally UM and thought to have a poor prognosis based on IGHV gene mutation status. To determine whether the poor prognosis observed in IGHV1-69 patients is due exclusively to mutation status, we looked at TTT for IGHV1-69 UM patients compared with all other UM patients. No significant differences were observed, and the medians for each of the groups were similar (median TTT for UM IGHV1-69, 26.0 months [n = 75] versus 25.0 months for UM non-IGHV1-69 [n = 183]; P = 0.16; Figure 1A and Table 3 ). Similar trends were observed when we confined this analysis exclusively to low Rai risk patients (median TTT for UM IGHV1-69, 37.7 months [n = 33] versus 32.4 months for UM non-IGHV1-69 [n = 86]; P = 0.09; Figure 1B and Table 4 ).
To better understand the importance of IGHD3-3 and IGHJ6 usage individually in relation to TTT, we analyzed TTT in IGHD3-3 versus non-IGHD3-3 patients as well as IGHJ6 versus non-IGHJ6 patients in univariate analyses ( Table 3 ). Usage of the IGHD3-3 gene was highly associated with shorter TTT (P = 0.008; Figure 2A ) versus those using non-IGHD3-3 genes, whereas median TTT in the IGHJ6 group and non-IGHJ6 groups was not significantly different (P = 0.40; Table 3 ). Overall, the percentage of patients who were treatment free at 2 and 5 years in the IGHD3-3 cohort was 48.9% and 9.6%, respectively, compared with 52.1% and 26.3% for the non-IGHD3-3 patients. We next evaluated whether IGHD3-3 usage predicted TTT in exclusively low Rai risk patients (Rai stage 0), which is the group most in need of further stratification in terms of clinical prognosis. Indeed, in the low Rai risk category, IGHD3-3 patients had a significantly shorter TTT than non-IGHD3-3 patients (P = 0.002; Figure 2B and Table 4 ). In terms of the more established risk factors, CD38-positive status was not a significant factor in univariate analyses for TTT in the low Rai risk UM patients (P = 0.76; Table 4 ). TTT differences were observed between those in the poor FISH prognosis group (11q- or 17p-) versus others, where this result was borderline significant (P = 0.05). Not surprisingly, the FISH parameter showed notable differences in terms of TTT between those patients with 11q- or 17p- anomalies (median 28.7 months for 11q- or 17p- versus 58 months for all others), consistent with previous observations (37) . As seen in the full cohort, ZAP-70-positive status was a significant factor in the univariate setting (P = 0.02; Table 4 ).
Finally, because of the overall frequency of IGHD3-3 and IGHJ6 usage in the entire UM cohort and because of the reported relatively frequent combined usage of these 2 genes in IGHV1-69 patients (9, (25) (26) (27) 31) , we grouped the UM patients into 4 cohorts as: (a) IGHD3-3/IGHJ6; (b) IGHD3-3/non-IGHJ6; (c) non-IGHD3-3/IGHJ6; or (d) non-IGHD3-3/non-IGHJ6. We observed a significant difference in TTT across these 4 subgroups of patients (P = 0.04; Figure  3 ). In particular, the differences in TTT observed appear to have been driven largely by IGHD3-3 usage, since those with combined IGHD3-3 and non-IGHJ6 usage had a shorter TTT than the other combinations. Formal modeling of an interaction effect between IGHD3-3 and IGHJ6 was not significant; however, we also note that power in our study is limited for analyses of interactions. The data above showing the significance of IGHD3-3 usage indicates that this Ig gene marker accounted for the difference in TTT of the IGHD and IGHJ combination shown in Figure 3 , with increasing impact as time progressed for the CLL patients within the IGHD3-3 cohort.
Relationship of IGHD gene RF to clinical outcome in the IGHD3-3 cohort. As shown above, IGHD3-3 usage alone predicted shorter TTT in UM CLL patients. Because the IGHD gene plays a critical role in determining the antigenic specificity of the BCR (38, 39) , it is possible that this association reflected conserved BCR antigen specificity in this cohort. However, IGHD genes are unique in that each one can be read in 3 forward or inverted RFs (1, 2, 5) , with each RF encoding a different amino acid sequence in the HCDR3, which results in differences in overall hydropathicity. In general, RF2 for most IGHD genes is hydrophilic, which is more advantageous for antigen binding (40) . We next wished to study the IGHD3-3 cohort to determine whether the correlation between use of this D region gene and shorter TTT was further associated with a specific RF. We first analyzed the frequency of RF1, -2, and -3 in the IGHD3-3 UM cohort. RF2 was the most frequently used (n = 48; 67%), followed by RF3 (n = 16; 21%) and RF1 (n = 8; 11%). When we evaluated the impact of RF usage on TTT in the IGHD3-3 UM cohort, significant differences were not observed; however, we did see notable differences in the estimated median TTT for each of the RF groups in this restricted cohort of IGHD3-3 patients (RF1, 14.3 months; RF2, 22.3 months; RF3, 30.5 months; P = 0.31). We recognize the inherent limitations of the small number of patients available for these analyses; however, the differences observed indicate that patients with RF1 or RF2 usage had inferior clinical outcomes as compared with either the IGHD3-3 RF3 patients or all non-IGHD3-3 patients. We believe these findings warrant further exploration (Supplemental Figure 2) .
Because of the limited numbers of patients with RF1 usage, we next explored whether the IGHD3-3 patients with RF2 usage performed significantly worse compared with non-IGHD3-3 UM patients. The IGHD3-3 RF3 usage patients were also omitted due to their apparent similarity to non-IGHD3-3 UM patients (although sample size limits a formal exploration of this) and the fact that those IGHD3-3 patients with RF2 usage posed an interesting biologically based hypothesis worth exploring, i.e., IGHD3-3 RF2 patients may have conserved BCRs, and this underlies their shorter TTT. Of interest, we did observe a significant difference in TTT between IGHD3-3 RF2 patients and non-IGHD3-3 UM patients (P = 0.01; Figure 4A and Table 3 ). Moreover, similar trends were observed when we restricted our analysis to low Rai risk patients. Thus, univariate analyses also showed that an indicator for IGHD3-3 RF2 versus non-IGHD3-3 usage was a significant factor for TTT (P = 0.03; Figure 4B and Table 4 ).
It remained possible, however, that RF2 usage alone, regardless of IGHD gene usage, was the underlying factor determining the significantly shorter TTT observed in the IGHD3-3 RF2 UM B-CLL patients versus non-IGHD3-3 patients. In our entire UM cohort, the hydrophilic RF2 was used in 50% of patients, with RF1 and RF3 utilized in 16% and 34% of patients, respectively (Supplemental Table 3 ). These frequencies are similar to those in a previously published report studying IGHD RF usage in normal B cells (41) . However, in UM patients, there were no statistically significant differences in TTT among the RF1, RF2, and RF3 groups either in the entire cohort or in the low Rai risk subset (P = 0.64 and P = 0.81, respectively; Supplemental Table 4 ).
Multivariable TTT analyses. In multivariable models and variable selection model building analyses, Rai risk category (low versus intermediate) had the greatest prognostic impact in determining TTT ( Table 5 ). IGHD3-3 gene usage was borderline significant when it was also incorporated into the model (Table 5 , model 1; P = 0.05). This same finding held when we looked at IGHD3-3 RF2 usage patients versus non-IGHD3-3 UM CLL patients in the cohort (Table 5 , model 2; P = 0.06); or when we categorized the IGHD3-3 RF1 and IGHD3-3 RF2 usage patients together versus all others (Table 5 , model 3; P = 0.03). Even when looking further to the model fit measure of likelihood ratio tests, the IGHD3-3 usage variable was highly significant in all multivariable models analyzed ( Table 5) .
When ZAP-70 status was added to a multivariable model ( Table 5 , models 4-6), it was not a significant factor, and IGHD3-3 usage was no longer significant; however, it is important to highlight that only 142 of 258 patients had ZAP-70 status available, and therefore multivariable models including ZAP-70 status were restricted to that subset of patients. Furthermore, there were significant differences in TTT between those with versus those without ZAP-70 status available, in that a greater proportion of low Rai risk patients had known ZAP-70 status. Also, in the 142 cohort with ZAP-70 status available, univariate analysis of IGHD3-3 usage was not significant (data not shown; P = 0.44). While the finding of ZAP-70 positivity as a significant factor cannot be disregarded, the fact that the univariate findings change dramatically when looking at all patients versus just those with ZAP-70 status data available is important and indicates that further analyses need to be done to completely assess these relationships. Because of the limited sample size, no multivariate analysis was performed in the low Rai risk cohort.
Discussion
We and others have shown that IGHV gene mutation status in B-CLL has prognostic value (8-10, 12, 42-44) . Considerable heterogeneity is present, however, in the clinical course of the unfavorable UM IGHV group, which to date is unexplained and is of clinical relevance to the patient (45) . Accordingly, stratification parameters that improve the prognostic precision of mutation status would be of benefit to patients with low/intermediate Rai risk, asymptomatic UM disease. There is current momentum to always consider UM patients, even in early-stage disease, as inevitably linked to an aggressive course and even to be considered for initiation of early clinical trial treatment approaches. One maneuver to develop more insight into UM prognosis has been to combine IGHV mutation status with other prognostic parameters such as ZAP-70, CD38, and cytogenetic abnormalities detectable on FISH testing in order to create an integrated prognostic index (42) . Other evidence already suggests, however, that additional characteristics of the Ig sequence may substratify clinical outcomes and enhance a prognostic model. For instance, IGHV3-21 and IGHV3-72 usage provides clinically important prognostic information independent of the IGHV gene mutation status (13) (14) (15) (16) (17) (18) . With that in mind, we evaluated an exclusively UM low/intermediate Rai risk patient cohort to determine whether specific molecular features of the IGHD and IGHJ genes predicted prognosis. Importantly, the large number of low Rai risk UM patients in this study (46% were Rai stage 0 at time of diagnosis) provided a unique opportunity for a long-term perspective of the association of clinical outcomes of patients with low disease burden in our subsequent IGHV gene mutation analysis. In addition, our focus on low/intermediate Rai risk B-CLL patients provided a cohort of patients for whom observation is standard of care at diagnosis (46) and where TTT is an established indicator for progression of their disease (36, 47) . We demonstrate for the first time to our knowledge the importance of IGHD gene usage in predicting disease progression as measured through TTT in a large group of low/intermediate Rai risk UM patients.
Consistent with previous reports (9, (25) (26) (27) 31) we found disproportionate usage of the IGHV1-69 gene in UM patients, accounting for 29% of all the patients studied. Other investigators have also previously reported that the molecular features of the IGHV1-69 gene in B-CLL show a biased usage of the 51p1 allele in conjunction with IGHD3-3 and IGHJ6 genes (25) (26) (27) . The IGHV1-69 patients using the specific combination of IGHD3-3 and IGHJ6 accounted for 24% of our patient cohort, differing from a previous report of 50% (20) . This may reflect the fact that all of the patients in this cohort are low/intermediate Rai risk patients. Notably, we studied IGHJ6 and IGHD3 gene family usage in our entire UM cohort and observed an augmented usage of IGHJ6 (46%) and IGHD3 (57%), with the specific IGHD3-3 gene being utilized in 29% of all cases. Even with the exclusion of the UM IGHV1-69 samples from our UM cohort, there was still a skewed usage of IGHJ6 (40%), IGHD3 (50%), and IGHD3-3 (23%). However, examination of IGHD and IGHJ combinations in the non-IGHV1-69 UM group showed that only 14% used both IGHD3-3 and IGHJ6 genes.
During B cell development, rearrangement of the IGHV, IGHD, and IGHJ genes results in a B cell with a unique HCDR3. Because of the central role that the IGHD and IGHJ genes play in form-ing the HCDR3, a region that is key in determining the specificity of antigen binding (6, 38, 39) , the biased use of specific genes such as IGHD3-3 and IGHJ6 in B-CLL may have implications for antigens in the leukemic transformation process. The IGHD genes are particularly important because they provide a critical portion of the antigen-binding loop in the Ig molecule, and the hydropathicity traits of the possible RFs of the IGHD gene may determine Ig effectiveness for binding antigen (39) . Given that there are 27 mapped IGHD genes, the incidence of use of IGHD3-3 in our entire UM CLL cohort, and its frequency of use in our IGHV1-69 cohort is striking and adds further evidence to the literature (9, 19, 20, 26, 27 ) that this specific IGHD gene is overused in B-CLL relative to normal B cells. It should be noted, however, that data on the expression of IGHD genes in the normal human B cell repertoire are very limited, often conflicting, and need to be further studied (40, (48) (49) (50) .
Concerning the strong association of IGHD3-3 with the IGHV1-69 gene in B-CLL, Widhopf and Kipps (27) looked at normal B cells expressing IGHV1-69 and found a lack of IGHD3-3 gene expression. Because B-CLL is more common in the elderly population and there may be changes in BCR repertoire that accompany age, Potter et al. (25) analyzed the IGHV1-69 genes expressed in 35 normal young individuals (<35 years of age) and 42 normal elderly individuals (>75 years of age). They determined that there was no biased use of any of the IGHD genes in relation to age and that IGHD3-22 was frequently used whereas IGHD3-3 was strikingly underutilized relative to B-CLL. Thus, with respect to the biased usage of IGHD3-3 with the IGHV1-69 gene in B-CLL, this association appears to be a characteristic of the disease and does not reflect BCR repertoire changes that occur with age.
In addition to evaluating trends in IGHD and IGHJ gene usage, a second major goal of our study was to look at the potential relationship between specific Ig gene usage and time from diagnosis to the first treatment. The rationale for this is a very practical one, in that the long median survival of B-CLL patients prevents use of a survival endpoint without a very long follow-up period, warranting the common use of other surrogate and clinically meaningful measures. Thus, TTT was used as a measure of clinical progression of disease, as previously described (36, 47) , and because of the inherent inconsistencies of effectively classifying disease progression by strict interpretation of the National Cancer Institute working group criteria (46) . Use of TTT is valid in our population of low/intermediate Rai risk CLL patients in whom treatment is not usually required at diagnosis, and thus TTT is a useful indicator of disease progression.
IGHD, IGHD RF, and IGHJ usage has previously been used in concert with IGHV usage to define subsets of stereotyped HCDR3 sequences (14, 19, (21) (22) (23) (24) (27) (28) (29) (30) . Accordingly, we were also interested in defining our cohort of UM patients on this basis. Because of the biased usage of IGHJ6 and IGHD3-3 in our large UM cohort, we grouped patients on this basis and observed that patients using the IGHD3-3 gene displayed a significantly shorter TTT, particularly when evaluating and comparing patients whose leukemic B cells used any IGHJ gene other than the IGHJ6 gene. While the IGHD3-3 gene has been associated with the IGHJ6 gene in those patients that express the clinically unfavorable IGHV1-69 gene, we find that the A P = 0.000001, B P = 0.000003, C P = 0.0000009, D P = 0.0009, E P = 0.0009, F P = 0.002; likelihood ratio test for each model.
IGHD3-3 gene alone is sufficient to predict shorter TTT and thus
an adverse clinical prognosis even when Rai risk group is placed in a prognostic model. The significance of the IGHD3-3 gene needs to be explored further in the context of multivariable analyses but is a promising strong predictor of significantly shorter TTT, especially in the Rai stage 0 patients. Rai stage is a proven powerful prognosticator for B-CLL, with those patients at Rai stage 0 at diagnosis having a median survival of 120 months or greater (51) (52) (53) . However, patients who are Rai stage 0 can have a highly variable clinical outcome, including an aggressive disease course. Thus, additional markers are needed to further understand and delineate prognosis in these patients (32, 53, 54) . Our study population is therefore relevant to this quest because of the number of patients with UM B-CLL diagnosed at Rai stage 0 (n = 119; 46%). Analysis of the significance of clinical stage and IGHD and IGHJ gene characteristics in UM B-CLL patients showed that those patients with Rai stage 0 disease who utilized IGHD3-3 had a shorter TTT than all other UM patients.
Our study also supports the idea that the IGHD3-3 gene is frequently used in CLL B cells. Furthermore, our study and others suggest that IGHD3-3 is also used frequently in combination with IGHV genes other than the IGHV1-69 gene and is independent of geographical location of the patients (9, 19, 22, 24, 55) . We also find that within the IGHD3-3 gene, the specific RF2 is used more frequently (48 of 72; 67%) and that within the group utilizing RF2, there appears to be an association specifically with the IGHJ6 gene (31 of 48; 65%). Because of the frequent use of the IGHJ6 gene in this cohort and because this is the longest of 6 IGHJ genes, the overall length of the HCDR3 in this cohort of patients is significantly greater than in all other patients (P = 0.0001). In analyses not shown, we also tested whether HCDR3 length alone, analyzed as a continuous variable, was associated with TTT. However, this analysis failed to reveal a significant relationship (P = 0.26). In contrast, in those patients using an IGHD gene other than IGHD3-3, the IGHJ6 gene was used only 40% (70 of 176) of the time (data not shown). Thus far, 48 different subsets of sequences with stereotyped HCDR3 have been identified by other investigators (14, 19, (21) (22) (23) (24) (27) (28) (29) (30) . In evaluating our entire UM cohort of patients for alignment with this definition of CLL subsets, we observed that 23.7% of the patients fell into one of these 48 subsets, a percentage that is consistent with that reported by Stamatopoulos et al. (24) . For the IGHD3-3 RF2 patients identified in this study as more likely to require earlier treatment, we observed that 18 of 48 (38%) IGHD3-3 RF2 patients fell within one of these 48 subsets, with the majority (n = 12) meeting the criteria of the subset defined as IGHV1-69; IGHD3-3 (RF2); IGHJ6 (24). By contrast, only 35 of 183 (19%) non-IGHD3-3 patients met the criteria for any of the 48 subsets. Of interest, in both groups of patients, we have observed potential new subsets defined on the basis of conserved IGHV, IGHD, IGHJ, and IGHD RF that have yet to be formally described in the literature (R.C. Tschumper and D.F., Jelinek, unpublished observations). Although there are 2 previous reports showing evidence of a link between the HCDR3 and clinical outcome (24, 31) , the numbers of patients analyzed in both studies were small and included both UM and M B-CLL patients at various stages of disease.
Our study is the largest to date focusing specifically on UM low/intermediate Rai risk B-CLL patients, and the clinical outcomes found in our current analysis not only allow definition of a new prognostic marker that may be of particular value to UM low Rai risk patients but also add further support to the notion that the BCR plays a functional role in B-CLL. However, the exact role of the BCR in either the initiation of B-CLL or disease progression remains to be defined. Given the known heterogeneity of this disease, we propose that there could be some patients whose leukemic B cells continue to rely on BCR-stimulated signals for growth and survival and others whose malignant B cells have evolved to be independent of signaling through the BCR. Analysis of HCDR3 homologies at the level of primary amino acid sequence is an important first step in identifying subgroups of CLL. Our cohort of IGHD3-3 RF2 patients clearly displays a core amino acid homology in this region (Supplemental Table 3 ). Of interest, although the number of IGHD3-3 RF1 patients was limited (n = 8), we observed that this group exhibited shorter TTT than either IGHD3-3 RF3 or all other non-IGHD3-3 patients (Supplemental Figure 2 ). Although RF1 is hydrophobic by comparison with RF2, it is markedly less hydrophobic than RF3, and it is furthermore marked by an amino acid motif that has been associated with antibody polyreactivity (RFLEW; ref. 56) Thus, despite the dissimilarity in HCDR3 amino acid sequence in IGHD3-3 RF1 versus RF2, BCRs in both groups of patients may be stimulated more frequently than in non-IGHD3-3 RF1/RF2 patients. However, we acknowledge the importance of also analyzing the chemical properties of all of the amino acids in this region to gain a better sense of the biological significance of shared HCDR3 regions among CLL patients. Ultimately, defining such groups based on HCDR3 homology could be useful in clinical management, particularly if therapeutic strategies effective at disrupting signals downstream of the BCR can be designed.
We believe that our large study is the first to strongly suggest that analysis of IGHD gene usage and RF alone is of importance when exclusively evaluating low Rai risk UM B-CLL patients. Importantly, this provides another useful clinical parameter for evaluating these patients, as early-stage UM CLL patients represent a significant clinical problem. The skewed utilization of the IGHD3-3 gene by B-CLL patients and the strong positive association of IGHD3-3 utilizing the more hydrophilic and antigenaccessible RF2 with TTT further supports the role of antigen in B-CLL, either at the transformation stage or in promulgation of the leukemic clone. While previous studies show that expression of the IGHV1-69 gene in a UM state is predictive of poor prognosis, the disease outcome in these patients may be more specifically related to the overutilization of the IGHD3-3 gene. Further analysis of the molecular features of low/intermediate Rai risk patients is warranted to determine whether IGHD gene characteristics can be more broadly used as a prognostic marker in both UM and M subsets of patients with CLL.
Methods
Patient material. All study subjects provided written informed consent to participate in this study in accordance with the Declaration of Helsinki and the Mayo Clinic Institutional Review Board. Patients diagnosed with B-CLL had an absolute lymphocytosis (>5 × 10 9 /l) due to monoclonal B cells with a CLL immunophenotype, as previously defined (46, 57, 58) . Blood was drawn into heparin tubes and PBMCs were isolated by Ficoll (Gallard-Schlesinger Industries Inc.) density gradient centrifugation for IGHV mutation analysis. Patients included in this study had a median age of 59 (range 27-86) with 184 males and 74 females. Because the focus of the study was based on Rai risk stratification, data on ethnicity and nationality were not collected.
RNA isolation, cDNA synthesis, and analysis of IGHV mutation. Total RNA was isolated from PBMCs using the TRIzol reagent (Invitrogen - Life Technologies). Total RNA was converted to cDNA, and IGHV mutation was determined as previously described (44) . Resulting sequences were aligned with those in the V-Base sequence directory (http://vbase.mrc-cpe. cam.ac.uk/) and the IMGT/V-Quest reference sets (http://imgt.cines.fr/ IMGT_vquest/share/textes/). All sequences that were identified as having less than 2% mutation from the closest germline sequence were designated as UM and thus considered for further analyses. UM patients exhibiting biallelic rearrangements were excluded from the study (approximately 4% of low/intermediate Rai risk UM patients). The IGHD gene and IGHD gene RF were determined using the IMGT/JunctionAnalysis program (http:// imgt.cines.fr/IMGT_jcta/jcta?livret=0), which aligns the junction nucleotide sequences (which must start with the variable region second cysteine codon and end with the J-region phenylalanine or tryptophan codon) to the known IGHD region data set (59) . Given that the mutation profile does not change over the disease course (9), time from diagnosis to analysis was not considered in interpreting IGHV mutation data.
Cytogenetics, CD38, and ZAP-70 analysis. In addition to IGHV mutation analysis, FISH was performed as previously described with a panel of DNA probes used to detect chromosomal anomalies (33) . When categorizing patients with multiple FISH abnormalities, we used the hierarchical model proposed by Dohner et al. (60) . Flow cytometric analysis of CD38 and ZAP-70 expression levels was performed as previously described (36, 58) .
Statistics. Patient characteristic data were descriptively summarized and graphically evaluated. Analyses were conducted on all early-stage UM (Rai stage 0-II) patients identified as defined above as well as on Rai stage 0 (i.e., low Rai risk) patients. Bivariate analyses based on IGHV or IGHD gene usage were also done. The most frequent Ig genes used were selected for correlation with TTT, and outcomes were summarized by and within type of gene region. Differences in continuous variables between 2 groups were calculated using 2-sample, 2-tailed t tests or nonparametric Wilcoxon rank-sum tests as appropriate. Differences in categorical variables between groups were assessed using c 2 or Fisher's exact tests as appropriate. TTT was calculated from the time of diagnosis to the time of first documented treatment. If patients had not been treated at the time of their last follow-up, they were censored at that time point. Kaplan-Meier and Cox regression methods were used to evaluate differences in TTT between groups in the univariate setting. The P values reported for differences in TTT correspond to log-rank statistics unless otherwise noted. Variables analyzed in the univariate setting included: IGHD gene usage (IGHD3-3 versus not), RF usage (RF1 versus RF2 versus RF3), IGHD3-3 RF2 usage (versus non-IGHD3-3), IGHJ gene usage (IGHJ6 versus not), IGHV1-69 usage (IGHV1-69 versus not), CD38-positive status (30% cutpoint), ZAP-70-positive status (20% cutpoint), Rai risk category (low versus intermediate), and chromosomal abnormalities associated with poor prognosis as detected by FISH (11q- or 17p- defined as poor prognosis versus all others). Multivariable models were assessed using Cox regression methods and variable selection explored using the branch-andbound algorithm of Furnival and Wilson (61) . We also assessed potential multivariable models using Cox proportional hazards models, where variables with P values less than 0.10 in the univariate models were included. In addition, limited evaluation of interaction effects were assessed in these multivariable models, between IGHD3-3 and IGHJ6 usage as well as between IGHD3-3 and RF usage. We also evaluated additional IGHD3-3 groupings and assessed the different multivariable models using model-based likelihood ratio tests as an overall assessment.
Although we simultaneously evaluated 8 different risk factors in the context of these analyses, multiple comparison corrections were not used. Effective prognostic factors clearly need to be validated across institutions. Our analyses were considered hypothesis-generating and provide the necessary preliminary data to identify potential risk factors that should be explored further in the larger multi-institution setting. Statistical significance was declared at P < 0.05. All analyses were conducted using SAS version 9.1 and S-PLUS for Windows version 7.0 (Insightful Corp.).
